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Due to the lack of thorough understanding of the ultrananocrystalline diamond (UNCD) growth mechanism, a simple
procedure is proposed to form a polycrystalline UNCD block with an artiﬁcial grain boundary (GB). The mechanical
responses of the resulting UNCD ﬁlms with various grain sizes are investigated by applying displacement-controlled tensile
loading in the molecular dynamics simulations. By randomly adding diﬀerent numbers of nitrogen (N) atoms into the GBs
of these polycrystalline UNCD ﬁlms, the eﬀects of N atom number density and GB width on the mechanical properties of
UNCD are also studied. It appears that the initial elastic moduli of pure and N-doped UNCD ﬁlms are size-insensitive,
although their tensile strengths decrease with the specimen size. The initial elastic modulus of N-doped UNCD is insen-
sitive to the GB width, while the tensile strength decreases with both the N atom number density and the GB width.
 2006 Elsevier Ltd. All rights reserved.
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Owing to their outstanding mechanical, tribological, electronic transport, chemical and biocompatibility
properties, the ultrananocrystalline diamond (UNCD) ﬁlms grown by a microwave plasma chemical vapor
deposition (CVD) method under hydrogen-poor conditions have become the subject of intense research inter-
est in the recent years, as shown by the representative papers (Auciello et al., 2004; Birrell et al., 2002, 2003;
Espinosa et al., 2003; Gruen, 1999; Gruen et al., 1994, 1996; Sternberg et al., 2003; Zapol et al., 2001; among
others). UNCD ﬁlms are characterized by a nanostructure consisting of crystallites with an average size of 2–
5 nm and have little or no graphitic impurities at the grain boundaries (Gruen, 1999). They diﬀer from both
nanocrystalline diamond (NCD) ﬁlms, which are composed of grains of size of tens to hundreds nanometers
with grain boundaries containing substantial graphitic impurities, and microcrystalline diamond (MCD)
which typically has a microstructure with micrometer-size crystallites (Auciello et al., 2004).0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2006.09.028
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believed that the reaction mechanisms of UNCD growth from hydrogen-poor plasmas should be much diﬀer-
ent from those in conventional MCD growth regimes since hydrogen abstraction is an extremely important
step in the MCD growth process. Zhou et al. (1998) suggested that carbon dimers (C2) play an important role
in the UNCD ﬁlm growth because experimental observation has indicated the presence of C2 during the
UNCD growth process (Gruen et al., 1994). The density-functional-theory-based tight-binding simulation
(Sternberg et al., 2003) also conﬁrmed that C2 reactions with nonhydrogenated (001) surfaces could result
in UNCD growth. However, this C2 growth mechanism has recently been questioned by several researchers.
Rabeau et al. (2004) have proven that C2 does not appear to contribute as the growth species in the formation
of NCD in Ar=H2=CH4
 and He=H2=CH4
 containing microwave plasmas. May et al. (2006) have suggested
that the UNCD growth mechanism is similar to that of MCD, namely, the surface H abstraction by gas phase
H atoms, followed by the addition of a C1 species. So far, however, the UNCD ﬁlm growth mechanism is still
unclear since actual experimental data for verifying the abovementioned theories are not available.
Much research has been performed to study the mechanical properties of single crystal diamond (Field,
1992; Telling et al., 2000; among others) and to investigate the eﬀect of grain boundary (GB) on the mechan-
ical response of polycrystalline diamond grown by using conventional CVD (Shenderova et al., 1999, 2000;
among others). Recent research by Bhattacharyya et al. (2001) has demonstrated that the conductivity of
UNCD increases by as much as ﬁve orders of magnitude (to 140 X1 cm1) when nitrogen (N) is added to
the plasma during growth. Hence, a systematic study of mechanical properties of pure and doped UNCD ﬁlms
is very important to the future application of UNCD components in functional MEMS/NEMS devices.
In order to understand the observed increase in conductivity for N-doped UNCD, Birrell et al. (2003) inves-
tigated the bonding structure of UNCD as a function of N-doping and suggested that the overall grain bound-
ary volume of N-doped UNCD is increasing, while the grains themselves remain pure diamond. By
performing density-functional-based tight-binding MD simulations, Zapol et al. (2001) studied the structure
and energetics of high-energy high-angle twist (100) GBs in diamond as a model for the UNCD GBs and cal-
culated substitution energies, optimized geometries, and electronic structures of (100) twist grain boundaries
with N, Si and H impurities. The fracture strength of UNCD was investigated by Espinosa et al. (2003) using
tensile testing of freestanding submicron ﬁlms. Paci et al. (2005b) performed a theoretical investigation of dif-
ferent paths leading to fracture of both pure and N-doped UNCD clusters containing total of 208 atoms by
using the MSINDO semiempirical self-consistent ﬁeld molecular orbital program. As can be found from the
open literature, however, little research has been conducted to investigate the eﬀects of grain size and N-dop-
ing on the mechanical properties of UNCD. With the use of a simple simulation procedure to form UNCD
ﬁlm the mechanical responses of pure and N-doped polycrystalline UNCD ﬁlms with various grain sizes are
investigated under uniaxial tensile loading in this paper.
The remaining sections of the paper are arranged as follows. The formation of the polycrystalline UNCD
ﬁlm from two pieces of single crystal diamond ﬁlm and the MD simulation procedure of the resulting UNCD
ﬁlm under tensile loading are discussed in Section 2, which is followed by the MD studies on the size-depen-
dent UNCD mechanical responses under tensile loading. The eﬀect of N-doping on the mechanical properties
of UNCD is explored in Section 4. The conclusions and future work are given in the last section.
2. MD simulation of UNCD properties under tensile loading
2.1. Simulation procedure
The characterization by Raman spectroscopy, transmission electron microscopy (Zhou et al., 1998), elec-
tron-energy-loss spectroscopy (Birrell et al., 2002) and near-edge X-ray absorption ﬁne-structure (Gruen
et al., 1996; Birrell et al., 2003) has suggested that UNCD generally consists of phase-pure diamond grains
with mixed sp2/sp3 carbon bonds at the GBs. It is the speciﬁc crystallite size and nanostructure of the GBs
in UNCD ﬁlms that distinguish them from natural diamond, MCD and NCD ﬁlms in terms of physical prop-
erties. Since the simulation of GB formation involves unusual geometric arrangements of atoms where various
grains with diﬀerent orientations meet, direct simulation of polycrystalline UNCD ﬁlm growth could dramat-
ically reduce program eﬃciency. Due to the lack of thorough understanding of the UNCD growth mechanism
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UNCD block with an artiﬁcial GB.
n this proposed procedure, two pieces of single crystal diamond ﬁlm are ﬁrst deposited by using the kinetic
Monte Carlo (KMC) method with their growth surfaces being formed based on the randomness nature of the
KMC method. These two deposited diamond crystallites are then put together with the two growth surfaces
touching each other. Fig. 1 demonstrates the front view (along the [110] direction) of the polycrystalline
UNCD block at this stage. The newly assembled UNCD block consists of two parts as shown in Fig. 1.
One part, the center unwrapped portion, is referred to as the active zone in which the atoms move according
to the interactions among the neighboring atoms; the other part, two end portions wrapped in boxes, is
referred to as the boundary zone where the atoms are assigned a prescribed velocity with the same magnitude
but in the opposite direction at each end to simulate a displacement-controlled tensile loading in the z-direc-
tion. The dimensions of the active zone in the x-, y- and z-directions are D, W and L, respectively, while the
thickness of each boundary zone is tP 1.25a0 with a0 being the lattice constant of diamond. Periodic bound-
ary conditions are applied in both the x- and y-directions. In the MD simulations, the Tersoﬀ potential (Ters-
oﬀ, 1989) is used to model the interactions among carbon atoms. The method employed to integrate the
equations of motion is the 6-value Gear predictor-corrector algorithm with corrector coeﬃcients for a sec-
ond-order equation. For the purpose of simplicity, a velocity scaling technique (Allen and Tildesley, 1990)
is applied when maintaining a constant temperature is required during the simulation.
In the beginning of MD simulation, the system temperature is gradually increased from 273 to 1773 K. By
applying a constant velocity along the z-direction to the atoms in the boundary zone with a strain rate of
2 · 109 s1, these two diamond blocks are compressed towards each other until reaching a strain e0. Atomic
bonds between two diamond surfaces are quickly formed during this precompression process at the elevated
temperature. After the system reaches its equilibrium state, the temperature is gradually reduced to 273 K. As
can be seen from Fig. 1, initially there would be no or very few atomic bonds between the two surfaces in con-
tact. With the optimization in the MD self-assembly process, these two diamond crystallites will be ﬁrmly con-
nected through an artiﬁcial GB. The resulting polycrystalline UNCD block will then be subjected to a
displacement-controlled uniaxial tensile loading to investigate its mechanical response. Note that the GB
nanostructure formed in the MD self-assembly process with the Tersoﬀ potential in this study could be diﬀer-
ent from those experimentally measured.
2.2. Stress and strain calculations
Stress calculation in the MD simulations has been the focus of many investigations over the past decades
(Cheung and Yip, 1991; Irving and Kirkwood, 1950; Zhou, 2003; among others). In this study, the formula-
tions employed to calculate atomic-level stresses are motivated by the previous work (Horstemeyer et al., 2001;
Shen and Chen, 2004; Zhou, 2003). At each atom, the local stress tensor is deﬁned to beFig. 1. Conﬁguration of an initially assembled UNCD block under uniaxial loading.
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1
Xi
XNn
j>i
f ij  rij ð1Þwhere i refers to the atom considered and j refers to the neighboring atom, rij is the position vector between
atoms i and j, Nn is the number of neighboring atoms surrounding atom i, Xi is the volume of atom i, and fij is
the force vector on atom i due to atom j. The global continuum stress tensor is then deﬁned as a volume aver-
age, namely,r ¼ 1
N 
XN
i
bi ð2Þin which N* represents the total number of atoms in a representative volume of continuum. To deal with large
uniaxial deformations, true strain, a nonlinear strain measure that is dependent upon the current length of the
specimen, is used in this study, namely,e ¼ lnðL=L0Þ ð3Þ
with L0 and L being the original and deformed lengths of the specimen, respectively.3. Grain size eﬀect on mechanical properties of UNCD
To study the eﬀects of initial compressive strain e0 and grain size on the mechanical response of the simu-
lated polycrystalline UNCD ﬁlm under loading, three UNCD blocks with initial active zone sizes of
2.02 · 2.02 · 5.53, 3.03 · 3.03 · 8.20 and 4.04 · 4.04 · 11.06 nm are designed, as listed in Table 1. After
enforcing the initial compression strain e0 at temperature T0 = 1773 K, a displacement-controlled tensile load-
ing with a strain rate of 2 · 109 s1 is applied on the atoms in the boundary zone at temperature T = 273 K
until the specimen fails.
Fig. 2 presents the front views (in [110] direction) of polycrystalline UNCD Block 2 initially compressed to
diﬀerent strains. As can be found from Fig. 2, more atomic bonds are created across the initially separated
surfaces as the initial compression increases. It is believed that the initial compression reduces the distance
among otherwise completely separated atoms across the two surfaces, and the elevated temperature would
increase the kinetic energy of carbon atoms which helps the formation of atomic bonds across the two
surfaces.
Figs. 3–5 demonstrate the stress-strain curves of UNCD Blocks 1–3 initially compressed to diﬀerent strains
under uniaxial tensile loading, respectively. The corresponding tensile strengths and peak strains for these
UNCD blocks are given in Tables 2–4. It appears from these ﬁgures and tables that the tensile strength of
the simulated polycrystalline UNCD ﬁlm increases with the initial compressive strain until it reaches the max-
imum value regardless of the specimen size, and further increase of initial compressive strain will lead to a
lower tensile strength since overcompression could damage the simulated polycrystalline UNCD block.
To better understand the size eﬀect on the maximum tensile strength and initial elastic modulus of the
resulting polycrystalline UNCD block, only those stress–strain curves corresponding to the maximum tensile
strength in Figs. 3–5 are reproduced in Fig. 6. As can be found from Fig. 6, the maximum strengths of UNCD
Blocks 1–3 are 117.4, 89.3 and 88.0 GPa, with the initial elastic moduli being 938, 934 and 949 GPa, respec-
tively. It appears that the initial elastic modulus of UNCD block is size-insensitive. However, the maximum1
active zone sizes of the simulated polycrystalline UNCD blocks
# Active zone size
D (nm) W (nm) L (nm)
2.02 2.02 5.53
3.03 3.03 8.20
4.04 4.04 11.06
Fig. 2. Front views (in [110] direction) of UNCD Block 2 initially compressed to diﬀerent strains.
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single crystal diamond (Shen and Chen, 2006) and single crystal tungsten (Chen et al., 2005; Shen and Chen,
2005), and is mainly due to the fact that larger specimens oﬀer more possibilities for dislocation and failure to
occur.
The failure patterns of UNCD Block 2 initially compressed to e0 = 0.0747 under tensile loading is pre-
sented in Fig. 7. It appears that the failure mainly occurs at the GB, which is diﬀerent from the failure evo-
lution found in the MD simulation of single crystal diamond block under tension since failure could occur
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Fig. 3. Stress–strain curves of UNCD Block 1, initially compressed to diﬀerent strains, under tensile loading.
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Fig. 4. Stress–strain curves of UNCD Block 2, initially compressed to diﬀerent strains, under tensile loading.
3384 L. Shen, Z. Chen / International Journal of Solids and Structures 44 (2007) 3379–3392anywhere within the block (Shen and Chen, 2006). It is thus reasonable to conclude that the UNCD fracture
strength is mainly determined by the GBs.
The simulated initial elastic modulus ranges from 934 to 949 GPa and is comparable to those exper-
imentally measured values ranging from 940 to 970 GPa (Espinosa et al., 2003). The calculated upper
bound of polycrystalline UNCD ﬁlm strength is 117.4 GPa, which is about 15% larger than that of
diamond with R13 twist GB predicted using the full-strain Perdew–Burke–Ernzerhof (PBE) calculation
(Paci et al., 2005a), and is about 20· larger than the observed values for micrometer-size ﬁlm (Espin-
osa et al., 2003) due to the eﬀects of specimen size and crystal orientation on the ﬁlm strength. The
diﬀerence between the strengths predicted by the proposed simulation procedure and by the PBE cal-
culation (Paci et al., 2005a) could be due to the strain rate eﬀect, which is also found in the previous
atomistic simulations on single crystal diamond (Shen and Chen, 2006) and metals (Shen and Chen,
2005).
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Fig. 5. Stress–strain curves of UNCD Block 3, initially compressed to diﬀerent strains, under tensile loading.
Table 2
Strengths and peak strains of UNCD Block 1, initially compressed to diﬀerent strains, under tensile loading
Initial compressive strain
0.0325 0.0492 0.0661 0.0834 0.0921 0.101
Strength (GPa) 65.0 92.6 97.1 117.0 117.4 107.8
Peak strain 0.074 0.103 0.103 0.129 0.129 0.113
Table 3
Strengths and peak strains of UNCD Block 2, initially compressed to diﬀerent strains, under tensile loading
Initial compressive strain
0.0325 0.0492 0.0661 0.0747
Strength (GPa) 72.0 75.5 89.3 87.3
Peak strain 0.0784 0.0799 0.0946 0.0946
Table 4
Strengths and peak strains of UNCD Block 3, initially compressed to diﬀerent strains, under tensile loading
Initial compressive strain
0.0325 0.0492 0.0661 0.0747 0.0834 0.0921
Strength (GPa) 63.7 75.4 81.1 86.4 88.0 87.5
Peak strain 0.0590 0.0695 0.0814 0.0784 0.0814 0.0799
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4.1. Simulation procedure
To create an N-doped UNCD block, a pure polycrystalline UNCD block as shown in Fig. 1 is ﬁrst formed
using the procedure described in Section 2.1. Although nitrogen atoms preferentially enter the GB rather than
the diamond lattice with the grains remaining pure diamond (Birrell et al., 2003; Corrigan et al., 2002), the
high-resolution transmission electron microscopy results suggest that both grain size and GB width increase
-50
-25
0
25
50
75
100
125
-0.1 -0.05 0 0.05 0.1 0.15
True strain
St
re
ss
 (G
Pa
) block 1
block 2
block 3
Fig. 6. Stress–strain curves of UNCD Blocks 1–3, initially compressed to strains of 0.0921, 0.0661 and 0.0834, respectively, under
tensile loading.
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could increase from 0.2 to 2 nm as the nitrogen content in the plasma is changed from 0% to 20%. For the
purpose of simplicity, only representative GB widths are chosen in this paper. The number of C atoms within
the chosen GB region will be counted and a certain number of N atoms are then randomly inserted into the
given GB region to meet the expected N atom number density. Fig. 8 shows the conﬁguration of the initially
assembled N-doped UNCD block under uniaxial loading, withWGB being the chosen width of GB. Note that
the width and nanostructure of GB simulated in this paper might be greatly diﬀerent from those of the real N-
doped UNCD. Following the procedure discussed in Section 2.1, the assembled N-doped UNCD block will be
compressed to the given strain level at temperature T0 = 1773 K in the MD simulation to form an N-doped
polycrystalline UNCD block, which will then be subjected to a displacement-controlled uniaxial tensile load-
ing to investigate its mechanical response at T = 273 K.4.2. Potential models
MD studies require appropriate interatomic potentials that accurately reproduce the properties and
behavior of the materials being simulated. To describe silicon nitride systems, de Brito Mota et al.
(1998) have developed an empirical potential for Si–N interactions using the Tersoﬀ functional form
and provided all the model parameters for nitrogen. In this study, an empirical potential model using
the Tersoﬀ functional form is employed to describe the interactions among carbon and nitrogen atoms.
The potential model can be found in the reference (Tersoﬀ, 1989). The model parameters for C and N
follow the work of Tersoﬀ (1989) and de Brito Mota et al. (1998), respectively. The parameters for the
interaction between atoms C and N are calculated based on Equation (1e) in the reference (Tersoﬀ,
1989). The parameter v in the Tersoﬀ potential either strengthens or weakens the heteropolar bonds
and provides ﬁne-tuning for the approach. Since the necessary data for the determination of v for C–
N interaction do not appear to be available at present, for the purpose of simplicity, vC–N is set to 1 based
on the fact that the potential model can correctly predict the compound formation for both SiC and SiGe
even if v = 1 (Tersoﬀ, 1989). As motivated by both the discussion on N–N interaction in amorphous sil-
icon nitride that when an N2 is formed inside crystal, it does not interact with other atoms because of its
high binding energy (9.8 eV), and diﬀuses through the crystal to evaporate on the surface (de Brito Mota
et al., 1998) and the fact that N atoms are found to avoid each other in the GBs of UNCD (Zapol et al.,
Fig. 7. Failure evolution patterns (view along [110] direction) of UNCD Block 2, initially compressed to e0 = 0.0747, at diﬀerent tensile
strains.
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GBs.4.3. Simulation results
To study the eﬀect of N-doping on the mechanical response of the simulated polycrystalline UNCD ﬁlm
under loading, diﬀerent numbers of N atoms are randomly inserted into the GBs of UNCD Blocks 1 and
2. For the purpose of comparison, the number of doped N atoms is chosen so that for a given block size
and GB width, four cases with the number of N atoms versus the number of C atoms within the GB region
being 1:12, 1:6, 1:4 and 1:3, respectively, are investigated. After enforcing the initial compression strain e0 at
temperature T0 = 1773 K, a displacement-controlled tensile loading with a strain rate of 2 · 109 s1 is applied
Fig. 8. Conﬁguration of an initially assembled N-doped UNCD block under uniaxial loading. (Larger green dots represent nitrogen
atoms) (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this paper.).
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response of N-doped UNCD block.
Fig. 9 demonstrates the stress–strain curves of N-doped UNCD Block 1 with WGB = 0.357 nm, initially
compressed to strain e0 = 0.0921, under uniaxial tensile loading. As can be seen from Fig. 9, the tensile
strength of polycrystalline UNCD block decreases when the number of doped N atoms increases. To study
the eﬀect of GB width on the mechanical response of UNCD block under tension, WGB = 0.536 nm is also
considered and the simulated stress–strain curves are shown in Fig. 10. It appears that the tensile strength
of polycrystalline UNCD block decreases with the increase of doped N atom number regardless of the chosen
GB width. Tables 5 and 6 report the simulated tensile strengths and initial elastic moduli, respectively, corre-
sponding to Figs. 9 and 10. As can be seen from Tables 5 and 6, the tensile strength of UNCD block decreases
as the number density of doped N atoms increases, while no obvious N-doping eﬀect is found on the initial
elastic modulus of UNCD. On the other hand, the tensile strength would decrease with the increase of
WGB for a given number density of doped N atoms, while the initial elastic modulus of UNCD is insensitive
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Fig. 9. Stress–strain curves of N-doped UNCD Block 1 withWGB = 0.357 nm, initially compressed to e0 = 0.0921, under tensile loading.
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Fig. 10. Stress–strain curves of N-doped UNCD Block 1 with WGB = 0.536 nm, initially compressed to e0 = 0.0921, under tensile
loading.
Table 5
Strengths of N-doped UNCD Block 1, initially compressed to e0 = 0.0921, under tensile loading
WGB (nm) Number of N atoms : number of C atoms within the GB (GPa)
0 1:12 1:6 1:4 1:3
0.357 117.4 106.5 97.2 90.2 79.4
0.536 117.4 96.3 76.6 74.6 71.2
Table 6
Initial elastic moduli of N-doped UNCD Block 1, initially compressed to e0 = 0.0921, under tensile loading
WGB (nm) Number of N atoms : number of C atoms within the GB (GPa)
0 1:12 1:6 1:4 1:3
0.357 938 932 1003 932 919
0.536 938 899 885 838 902
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2 doped with diﬀerent number of N atoms is simulated under tensile loading. Figs. 11 and 12 demonstrate the
stress–strain curves of N-doped UNCD Block 2 withWGB = 0.357 nm andWGB = 0.536 nm, respectively, ini-
tially compressed to strain e0 = 0.0661 under uniaxial tensile loading. Tables 7 and 8 show the simulated ten-
sile strengths and initial elastic moduli for N-doped UNCD Block 2, respectively, corresponding to Figs. 11
and 12. As can be seen from these ﬁgures and tables, similar conclusion can be made, namely, the tensile
strength of polycrystalline UNCD block decreases as the number density of doped N atoms increases regard-
less of specimen size, while the initial elastic modulus of UNCD is not sensitive to the N-doping.
As can be seen from Tables 5 and 7, the tensile strength of UNCD Block 1 is always larger than that of
Block 2 if WGB and N atom number density are the same. It seems that the size eﬀect as discussed in Section
3 also holds for N-doped polycrystalline UNCD ﬁlms. Although the simulated tensile strength of N-doped
polycrystalline UNCD block is much larger than the experimental values for UNCD ﬁlm at micrometer-size
scale (Espinosa and Moldovan, 2005) due to the eﬀects of specimen size and crystal orientation on the ﬁlm
strength, the experimental data show the same trend, namely, the strength decreases as the number density
of doped N atoms increases.
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Fig. 11. Stress–strain curves of N-doped UNCD Block 2 with WGB = 0.357 nm, initially compressed to e0 = 0.0661, under tensile
loading.
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Fig. 12. Stress–strain curves of N-doped UNCD Block 2 with WGB = 0.536 nm, initially compressed to e0 = 0.0661, under tensile
loading.
Table 7
Strengths of N-doped UNCD Block 2, initially compressed to e0 = 0.0661, under tensile loading
WGB (nm) Number of N atoms : number of C atoms within the GB (GPa)
0 1:12 1:6 1:4 1:3
0.357 89.3 80.1 73.8 65.8 63.4
0.536 89.3 79.7 73.8 63.7 56.7
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In this study, a simple procedure is developed to create a polycrystalline UNCD block with an artiﬁcial
grain boundary. The mechanical properties of the resulting UNCD ﬁlm are then investigated by applying dis-
Table 8
Initial elastic moduli of N-doped UNCD Block 2, initially compressed to e0 = 0.0661, under tensile loading
WGB (nm) Number of N atoms : number of C atoms within the GB (GPa)
0 1:12 1:6 1:4 1:3
0.357 934 956 926 916 954
0.536 934 945 935 959 916
L. Shen, Z. Chen / International Journal of Solids and Structures 44 (2007) 3379–3392 3391placement-controlled tensile loading in the MD simulation. The tensile strength of the simulated polycrystal-
line UNCD ﬁlm increases with the initial compressive strain until it reaches the maximum value regardless of
the specimen size, and further increase of initial compressive strain will lead to a lower tensile strength. It
appears that the initial elastic modulus of UNCD block is size-insensitive. However, its maximum strength
increases as the specimen size decreases, which is mainly due to the fact that larger specimens oﬀer more pos-
sibilities for dislocation and failure to occur. The simulated initial elastic modulus of polycrystalline UNCD is
comparable to those experimentally measured values (Espinosa et al., 2003). The calculated upper bound of
UNCD ﬁlm strength is 117.4 GPa, which is about 15% larger than that of the diamond with R13 twist GB
predicted using the full-strain PBE Calculation (Paci et al., 2005a) due to the strain rate eﬀect, and which
is about 20· larger than those observed values for micrometer-size ﬁlms (Espinosa et al., 2003) due to the
eﬀects of specimen size and crystal orientation on the ﬁlm strength.
Although the simulated tensile strength of N-doped polycrystalline UNCD is much larger than those
observed values for N-doped UNCD ﬁlms at micrometer-size scale (Espinosa and Moldovan, 2005) due to
the size and crystal orientation eﬀects on the ﬁlm strength, both the experimental data and simulation results
demonstrate that the strength of N-doped UNCD decreases as the number density of doped N atoms within
the GB increases. On the other hand, the tensile strength would decrease with the increase of WGB for a given
number density of doped N atoms, although the initial elastic modulus of N-doped UNCD is insensitive to
WGB. MD simulations also illustrate that the similar size eﬀect still holds for the N-doped polycrystalline
UNCD ﬁlms.
Due to the simple procedure used to form both pure and N-doped polycrystalline UNCD blocks, the arti-
ﬁcial GB nanostructure developed in the MD self-assembly process could be diﬀerent from those experimen-
tally measured. An integrated analytical, experimental and numerical eﬀort is required to further improve the
simulation of UNCD growth and to advance our knowledge in the mechanical properties of UNCD.
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